The minimal replicon of the broad-host-range plasmid RK2 RK2 is a 60-kb self-transmissible plasmid belonging to incompatibility group IncP1. These plasmids are particularly well known for their ability to replicate in a large number of bacterial species (18). The minimal RK2 replicon consists of two genetic elements, the origin of vegetative replication (oriV) and a gene encoding an initiator protein (TrfA) that binds to short repeated sequences (iterons) present in the origin (9, 10). The trfA gene contains two in-frame translational initiation signals, resulting in expression of two forms of the TrfA protein (33 and 44 kDa) (6, 15). has been shown to be sufficient for replication in some hosts, including Escherichia coli (15), whereas TrfA-44 is required for efficient replication in Pseudomonas aeruginosa (3). These observations may imply that the two TrfA proteins are part of an adaptation to replication in different hosts.
RK2 is a 60-kb self-transmissible plasmid belonging to incompatibility group IncP1. These plasmids are particularly well known for their ability to replicate in a large number of bacterial species (18) . The minimal RK2 replicon consists of two genetic elements, the origin of vegetative replication (oriV) and a gene encoding an initiator protein (TrfA) that binds to short repeated sequences (iterons) present in the origin (9, 10) . The trfA gene contains two in-frame translational initiation signals, resulting in expression of two forms of the TrfA protein (33 and 44 kDa) (6, 15) . has been shown to be sufficient for replication in some hosts, including Escherichia coli (15) , whereas TrfA-44 is required for efficient replication in Pseudomonas aeruginosa (3) . These observations may imply that the two TrfA proteins are part of an adaptation to replication in different hosts.
The copy number of RK2 replicons in the cells may to some extent be limited by the concentration of the TrfA protein; when the concentration was increased by a factor of 2 to 3 over a certain basal level, a copy number increase of about 30% was observed (4) . Further increases of the TrfA concentration (up to 170-fold) had no additional effect on the copy number. Certain mutations in the trfA gene, on the other hand, have been found to result in up to a 23-foldhigher copy number (5) . The TrfA protein therefore acts both as a positive factor required for replication and as a negative regulator. The mechanism by which RK2 utilizes the copy number regulation potential of the TrfA protein in vivo is not yet fully understood, but a model involving TrfA-mediated inhibition of replication by intermolecular coupling of origins has been suggested (7) .
We recently described the isolation of 14 temperature-* Corresponding author.
sensitive mutants in the trfA gene of minimal RK2 replicons, and the phenotypes of these mutants were characterized in E. coli and to some extent in P. aeruginosa (20) . The temperature requirements for replication of these mutants varied over a wide range, and they were also sensitive to the mutant TrfA protein dosage. In addition, experiments with P. aeruginosa indicated that the phenotypes were strongly dependent on unidentified host-specific parameters in the intracellular environment.
In the present report we describe the results of a molecular analysis of the temperature-sensitive mutants. The data show that the mutants represent seven different mutations and that these mutations are distributed both upstream and downstream of the previously reported mutations giving rise to a copy up phenotype. Molecular characterization of spontaneous and in vitro-constructed revertants of the temperature-sensitive mutants demonstrated that copy up mutations act as nonspecific intragenic suppressors of temperature-sensitive mutants. These observations are not immediately obvious from the model for copy number regulation by intermolecular coupling described above.
MATERIALS AND METHODS
Bacterial strains and plasmids. The bacterial strains and plasmids used in this study are listed in Table 1 .
Growth of bacteria, conjugative matings, and standard molecular biology techniques. E. coli cells were grown in L broth or on L agar (11), and P. aeruginosa was grown in M9 medium (8) . Matings were performed on membranes at 30°C with S17.1 containing the relevant plasmids as the donor strain, and P. aeruginosa transconjugants were selected at 23°C on M9 agar medium supplemented with 100 ,ug of carbenicillin per ml. Transformations were performed by the EcoRI-BamHI fragment of plasmid pTJS65 as a probe. The probe was labelled by random priming. Hybridization was carried out at 65°C in 0.5 M sodium phosphate buffer-7% sodium dodecyl sulfate (SDS)-1 mM Na2EDTA (pH 7.2).
The membranes were washed in sodium phosphate buffer (pH 7.2) at 65°C (four times in 40 mM buffer-1% SDS and then twice in 20 mM buffer-0.5% SDS). After exposure on X-ray film, the dot intensities were quantified with an LKB 2202 Ultrascan densitometer.
In vitro replication assays. The 33-kDa wild-type and copl71W TrfA proteins were purified from BL21(pBK3) cells to approximately 50% purity as described by Perri et al. (9) down to (and including) the heparin-Sepharose CL 6B step. The in vitro replication assays were performed as described by Kittel and Helinski (7).
RESULTS
DNA sequence analysis of the temperature-sensitive mutants. The 14 temperature-sensitive mutants with mutations in the trfA gene were analyzed at the molecular level (Fig. 1 ).
Only seven of the mutants turned out to be unique, and these were distributed from the codons representing amino acids 213 through 374, which is close to the 3' end of the gene. Six of the seven mutations were caused by 1-bp substitutions, whereas one mutation was caused by an out-of-frame 3-bp deletion. This deletion resulted in loss of an aspartic acid residue at position 374, eight amino acids from the carboxyterminal end of the protein. Among the six 1-bp substitution mutants, five resulted in replacement of uncharged amino acids (at positions 213, 230, 313, 316, and 332). One mutation resulted in substitution of a positively charged amino acid (arginine at position 247) with cysteine; this residue is localized only three amino acids from the previously described copy up mutation cop250V (5) . It was also interesting to note that the mutation in the codon representing amino acid 213 resulted in substitution of a proline residue with serine and that three of the other mutations affected amino acids localized very close to proline residues (mutations 313L, 316V, and 332F).
Intragenic suppression of the temperature-sensitive mutants by copy up mutations. As described in a previous paper (20) , the temperature-sensitive mutants reverted spontaneously at low but easily detectable frequencies. Such revertants have now been studied in more detail, and in these studies the TrfA protein was expressed either in cis (from plasmid pSV6 or pFF1) or in trans (from the pBR322 derivative pRD110-34) with respect to oriV. Figure 2 illustrates the nature of these plasmids in more detail and also includes data on plasmid pSV16, which was used in the experiments with trfA gene expression in trans.
Preliminary analysis of the revertant cells indicated that they frequently appeared to contain high-copy-number plasmids. Subcloning experiments with a revertant isolated from pSV6rts3l6V confirmed that the new phenotype was caused by a mutation in the trfA gene, and nucleotide sequence analysis showed that this mutation resulted in substitution of the glycine residue at position 254 with aspartic acid (Fig. 1) . Surprisingly, this particular mutation is identical to the previously described copy up mutation cop254D (5) . The data on revertant pSV6rts3l6V thus gave the first indication that copy up mutations may act as intragenic suppressors of temperature-sensitive mutations.
An obvious question related to the observations described above is whether the suppression is a general property of cop254D or a specific property of the particular temperaturesensitive mutant rts316V. To analyze this problem, we constructed double mutants (in plasmid pFF1) consisting of cop254D and each of the four temperature-sensitive mutants rts213S, rts313L, rts332F, and rts374A. Analysis of the phenotypes of these four double mutants showed that they could replicate at 42°C, indicating that the ability to suppress temperature-sensitive mutants is a general property of cop254D. It was particularly interesting to note that the suppression must be very efficient, since the two temperature-sensitive mutants rts213S and rts313L could not be established in cis (in pSV6/pFF1) even at low temperature.
To analyze the efficiency of the suppression in more detail, we compared the copy numbers of the five different double mutants with the copy number of wild-type pFF1 and pFFlcop254D. The analysis was performed both directly by measurements of copy numbers and indirectly by analyzing the levels of ampicillin resistance expressed by the cells containing the different plasmids (19) . The results of these experiments (Fig. 3) demonstrate that the copy numbers of the five double mutants are higher than the copy number of the wild type but lower than that of cop254D. The individual double mutants varied significantly in their copy numbers, and there appeared to be a reasonably good correlation between the copy numbers measured directly and the levels of ampicillin resistance expressed by the cells.
The observation that cop254D appears to suppress temperature-sensitive mutants regardless of their location in the trfA gene also raises the question of whether this property is associated with copy up mutants in general or whether it is restricted to cop254D. To study this problem we isolated and sequenced two new spontaneous revertants of rts316V and one revertant of rts374A. ( Fig. 1) showed that the two rts316V revertant phenotypes were caused by 1-bp substitutions affecting amino acid residues 171 (alanine substituted by tryptophan) and 173 (glutamine substituted with lysine), respectively. Similarly, SflI reversion of rts374A was caused by a 1-bp substitution resulting in replacement of the glutamine residue at position 203 with leucine. To analyze the nature of these new mutations in more detail, they were subcloned into the wild-type trfA gene of pFF1 such that the mutations responsible for the temperature-sensitive phenotypes were eliminated. The copy numbers of these new plasmid constructs were determined ( Table 2 ). All of the revertants (copl71W, copl73K, and cop2O3L) are present in the cells in elevated copy numbers (similar to those in cop254D), indicating that the generality of the suppression effect is not restricted to cop254D. Further evidence for this conclusion was obtained by constructing the double mutant rts247Ccopl71W. Temperature-sensitive mutant rts247C alone is poorly functional in vivo and could not be established in cis (in pSV6 or pFF1). The double mutant, on the other hand, was fully functional in cis at 30°C but not 37C (data not shown). We showed previously that the temperature sensitivity of trfA mutants was strongly reduced relative to expression from pSV6 when the mutant TrfA protein was expressed from pRD110-34 (20) . The reason for this seemed to be that pRD110-34 derivatives express about 10 times more TrfA protein than do pSV6 derivatives, since we are not aware of any reason why expression in cis or trans in itself should affect the phenotypes. HB101 was used as the host in these experiments, and we have since found that at least two phenotypes can be generated from cells containing pSV16 and a given pRD110-34 trfA temperature-sensitive mutant.
Analysis of the plasmid content of cells displaying the lowest level of temperature sensitivity (like those reported previously) showed that these cells contained new plasmid structures, possibly cointegrates of pRD110-34 and pSV16. Such cells were apparently easily enriched in growing cell cultures containing trfA temperature-sensitive mutants. We have found that these enrichments can be avoided if DH5Sa is used as host for the temperature-sensitive mutants; Table 3 (Table 3) . On the basis of these experiments, the possibility that differences in intracellular levels of the TrfA mutant proteins explain the suppression of rts mutant phenotypes by intragenic copy up mutations could be excluded.
Analysis of the properties of the TrfA Copl71W protein. The copy up mutants previously reported (5) were all clustered in a fairly small region of the trfA gene (Fig. 1) , whereas the three new copy up mutations described here were localized significantly upstream of this cluster. The difference in the localization of the mutations might mean that the new mutant TrfA proteins belong to a class that is functionally different from that of the copy up mutants described by Durland et al. (5) . To study this problem, we analyzed the properties of the TrfA protein produced by copl71W in an in vitro replication assay (Fig. 4) . The on V-containing plasmid pTJS42 replicated efficiently in the presence of a heterologous plasmid (pUC9), whereas the addition of oniV iterons (in plasmid pBK20) to the assay system led to a strong inhibition of replication, as described by Kittel and Helinski (7) . In contrast, when the in vitro replication of pTJS42 was mediated by the Cop171W protein, the iteron inhibition effect was much weaker. The new localizations of the cop mutations described here therefore do not appear to reflect new properties at the functional level.
Analysis of functionality and suppression of temperaturesensitive mutants in P. aeruginosa. In our previous paper we showed that the pFFl temperature-sensitive mutants tested were functional even at 42°C in P. aeruginosa, although the carbenicillin resistance levels expressed by the plasmids were somewhat reduced relative to the level expressed by the pFF1 wild type (20) . The DNA sequence analysis described in this report showed that we had access to five mutants that were different from the two previously tested in P. aeruginosa. Three of these (rts213S, rts247C, and rts313L) were nonfunctional in cis in E. coli but could be established in strain S17.1, which expresses wild-type TrfA from the chromosome (16) . This strain can also be used for conjugative mobilization of RK2 replicons, and we applied this method to transfer the five temperature-sensitive mutants to P. aeruginosa. Characterization of the phenotypes of the corresponding transconjugants showed that four of the five mutants replicated at 42°C in this host ( Table 4 ). The two mutants that could be established in cis in E. coli (ts332F and rts374A) expressed a level of carbenicillin resistance in P. aeruginosa at 42°C that was somewhat reduced relative to that of the corresponding wild-type plasmid. Two of the remaining mutants (rts247C and rts313L) expressed lower levels of carbenicillin resistance under these conditions, and one (rts213S) was not functional.
The reduced functionality of the temperature-sensitive mutants in P. aeruginosa at 42°C raised the question whether the copy up mutations will restore functionality, as they do in E. coli. To test this, we first transferred pFF1cop171W and pFFlcop254D. pFF1cop171W could be established in P.
aeruginosa, but the level of carbenicillin resistance expressed by the transconjugant was reduced compared with that of the wild type (Table 4 ). The other tested mutant, pFFlcop254D, could not be stably established in P. aeruginosa. These experiments thus indicated that copy up mutations in E. coli do not have a similar phenotype in P. aeruginosa. In agreement with this conclusion, we also found that the reduced functionality of pFFlrts247C was not suppressed by the copl71W mutation in P. aeruginosa (Table 4 ). In addition, we found that the double mutants of pFFl containing the cop254D mutation and the es mutations 213S, 313L, 316V, 332F, and 374A were nonfunctional in this host.
DISCUSSION
The results of the molecular analysis of the temperaturesensitive mutants showed that the mutations causing these phenotypes were distributed throughout about 40% of the gene. Three of the mutations were localized upstream, and four were localized downstream, of the copy up cluster of mutations described previously (5) . These results may indicate that the temperature-sensitive mutations represent two functional domains in the TrfA protein, but it seems equally possible that the protein is folded in such a way that the two regions are kept close together in the three-dimensional structure. The identification of new copy up mutations upstream of all of the rts mutations also suggests that functional domains cannot be easily identified simply on the basis of the linear distribution map of the different kinds of mutations.
The observation that the temperature-sensitive mutant phenotypes could be suppressed nonspecifically by intragenic copy up mutations was quite unexpected, although it was observed previously that cop mutants may suppress (intragenically) a temperature-sensitive mutation in a protein involved in replication of plasmid pSC101 (1) . The intermolecular coupling model proposed for RK2 replicons does not seem to predict the results presented here, since cop mutants should apparently (according to the model) affect only the upper level of plasmid copies per cell. This does not mean that the model is incorrect, and our data may rather be interpreted to mean that the model does not give a complete description of the biological effects of cop mutations. The major problem is to understand how the suppression effect can be nonspecific with respect to the nature of the two kinds of mutations present in the same gene. Increases in TrfA protein dosages alone were shown not to be sufficient to explain the observed phenotypes, but one might assume that the copy up mutations lead to an increase in the number of origins (compared with that in the wild type) during growth of the cells at the permissive temperature. It seems possible that after transfer to the nonpermissive temperature the preexisting high number of origins has an effect similar to that of a high dose of the TrfA protein, thus enhancing the required TrfA-oniV interactions. The advantage of this model is that it explains the nonspecificity of the suppression, whereas the major weakness is that it is difficult to see how the suppression effect can be retained permanently under nonpermissive conditions. Formally, it also seems possible that the cop mutations lead to enhanced stability of the different rts mutant proteins, although it is difficult to see why so many different cop mutations should lead to protein stabilization. It is also known that cop mutations do not lead to elevated levels of TrfA protein in the cells (5) 
